Human kallikrein-related peptidases (KLKs) are a group of 15 secreted serine proteases encoded by the largest contiguous cluster of protease genes in the human genome. KLKs are involved in coordination of numerous physiological functions including regulation of blood pressure, neuronal plasticity, skin desquamation, and semen liquefaction, and thus represent promising diagnostic and therapeutic targets. Until now, quantification of KLKs in biological and clinical samples was accomplished by enzyme-linked immunosorbent assays (ELISA). Here, we developed multiplex targeted mass spectrometry assays for the simultaneous quantification of all 15 KLKs. Proteotypic peptides for each KLK were carefully selected based on experimental data and multiplexed in single assays. Performance of assays was evaluated using three different mass spectrometry platforms including triple quadrupole, quadrupole-ion trap, and quadrupole-orbitrap instruments. Heavy isotope-labeled synthetic peptides with a quantifying tag were used for absolute quantification of KLKs in sweat, cervico-vaginal fluid, seminal plasma, and blood serum, with limits of detection ranging from 5 to 500 ng/ml. Analytical performance of assays was evaluated by measuring endogenous KLKs in relevant biological fluids, and results were compared with selected ELISAs. The multiplex targeted proteomic assays were demonstrated to be accurate, reproducible, sensitive, and specific alternatives to antibody-based assays. Finally, KLK4, a highly prostate-specific protein and a speculated biomarker of prostate cancer, was unambiguously detected and quantified by immunoenrichment-SRM assay in seminal plasma and blood serum samples from individuals with confirmed prostate cancer and negative biopsy. Mass spectrometry revealed exclusively the presence of a secreted isoform and thus unequivocally resolved earlier disputes about KLK4 identity in seminal plasma. Measurements of KLK4 in either 41 seminal plasma or 58 blood serum samples revealed no statistically significant differences between patients with confirmed prostate cancer and negative biopsy. The presented multiplex targeted proteomic assays are an alternative analytical tool to study the biological and pathological roles of human KLKs. Molecular & Cellular
The human tissue kallikrein-related peptidases (KLKs) 1 are a large family of 15 closely related serine proteases with trypsin-or chymotrypsin-like activities. Kallikreins exhibit important similarities both at the gene and protein level (1) . The genes are localized to chromosome 19q13.4, forming the largest contiguous cluster of proteases within the human genome (2) . The enzymes are initially secreted as inactive zymogens and subsequently activated by removal of a short N-terminal pro-sequence (3) . KLKs are expressed in many tissues, including steroid hormone-producing or hormone-dependent tissues and are responsible for the coordination of various physiological functions including regulation of blood pressure (4), neuronal plasticity (5), semen liquefaction (6), skin desquamation (7) and inflammation (8) , and thus represent attractive diagnostic and therapeutic targets (9) . Aberrant levels of some KLKs were observed in tissues, blood serum and proximal fluids of cancer patients, particularly in cases of adenocarcinomas derived from steroid hormone-regulated tissues, and were correlated with the course of disease. For instance, concurrent up-regulation of multiple KLKs has been observed in ovarian carcinoma (10) . It has also been shown for breast, prostate, and testicular cancers that KLKs may facilitate neoplastic progression through promotion of cell proliferation and metastasis (11) . Based on this evidence, kallikrein-related peptidases have been extensively studied for their potential as biomarkers of various malignancies (12) (13) (14) (15) (16) .
High-quality ELISAs are now available for the majority of KLKs, except KLKs 1, 9, 12, and 15. Because of their specificity, sensitivity, accuracy, high throughput, and relative simplicity, ELISAs have been used for decades to measure KLKs in biological and clinical samples (17) . Rapid evolution of biological mass spectrometry provided powerful alternatives to immunoassays for unambiguous identification and accurate quantification of proteins in clinical samples (18, 19) . Selected reaction monitoring (SRM) and parallel reaction monitoring (PRM) assays have high specificity, dynamic range of six orders of magnitude, and limits of detection (LOD) and quantification (LOQ) in the low ng/ml level. Unlike multiplex ELISA, which allows for the detection of up to 25 analytes in a single assay (20) , multiplex SRM assays facilitate measurements of tens to hundreds of proteins in a single run without compromising assay sensitivity and accuracy (21) (22) (23) (24) .
Here, we present multiplatform targeted mass spectrometry assays for the simultaneous quantification of all 15 KLKs with limits of quantification in the low ng/ml range in clinical samples. The analytical performance of the SRM assays was evaluated by measuring absolute levels of endogenous KLKs in sweat, cervico-vaginal fluid, seminal plasma, and blood serum samples and by comparison to the performance of selected ELISAs. Finally, using the whole set of SRM, immuno-SRM and sandwich immunoassays, we investigated KLK4 and unequivocally resolved earlier disputes about its isoform identity in seminal plasma and its levels in prostate cancer.
EXPERIMENTAL PROCEDURES
Materials and Reagents-Iodoacetamide, dithiothreitol, acetonitrile, formic acid, and sequencing grade modified trypsin were purchased from Sigma-Aldrich (Oakville, ON, Canada). RapiGest SF surfactant was purchased from Waters (Milford, MA). Quantified & Stable Isotope Labeled Peptides (SpikeTides™_TQL) were obtained from JPT Peptide Technologies GmbH (Berlin, Germany). The recombinant KLK4 was purified through a two-step purification protocol and was used as an immunogen for the production of monoclonal antibodies in mice, as previously described (25) . Clone 10F4.1G6 was used as a capture antibody for the analysis of seminal plasma and blood serum samples with immunoenrichment-SRM and ELISA. Rabbit polyclonal anti-KLK4 antibodies were used as detection antibodies.
Biological Samples-All biological samples were collected from individuals of different ethnic background with an informed consent. Sample collection was approved by the institutional review boards of Mount Sinai Hospital (approval #08 -117-E and, #16 -0137-E) and University Health Network (# 09 -0830-AE). Semen samples were collected by masturbation into sterile collection cups. Following liquefaction for 1 h at room temperature, semen samples were centrifuged at 16,000 rpm for 30 min at 4°C three times to separate seminal plasma (SP) from cells and cellular components, and were stored at Ϫ80°C until further use. Ten SP samples were obtained from healthy men (median age 35 years old) prior to vasectomy, 21 SPs from men with biopsy-confirmed prostate cancer (median age 62) and 20 SPs from men with negative biopsy outcome (median age 62). In addition, blood serum samples were obtained from 36 men with biopsy-confirmed prostate cancer (serum PSA Ͼ 4 ng/ml, median age 63), 22 men with negative biopsy (serum PSA Ͼ 4 ng/ml, median age 61), and 3 healthy men (serum PSA Ͻ 1 ng/ml, median age 36). Five cervico-vaginal fluid (CVF) samples were collected from nonpregnant women (median age 30) in flexible cups that are worn internally, around the cervix. Ten sweat (SW) samples were collected from five men and five women (median age 28) after physical exercise in wood fiber wipes (KimWipes, Kimberly-Clark, Mississauga, ON, Canada). A 20 ml syringe was used to squeeze the fluid out of the wipes.
Sample Preparation and Trypsin Digestion-All samples were centrifuged at 16,000 ϫ g for 30 min to ensure complete removal of cells and cellular debris. Before trypsin digestion, the total protein content of each sample was measured using the Pierce BCA protein assay (Thermo Scientific, Mississauga, ON, Canada). Twenty micrograms of total protein per sample were subjected to proteomic sample preparation. To prepare for digestion, denaturation of proteins and reduction of disulfide bonds were achieved by treatment of samples with 0.1% RapiGest SF and 10 mM dithiothreitol at 65°C for 15 min. After reduction, the samples were alkylated with 20 mM iodoacetamide in the dark at room temperature for 40 min. Heavy isotope-labeled peptides with a quantitation tag (500 fmoles) were added to all samples prior to trypsin digestion. Digestion (1:20, trypsin/total protein) was performed overnight at 37°C. RapiGest SF was cleaved with 1% trifluoroacetic acid and removed with centrifugation at 16,000 ϫ g for 15 min. C18 Bond Elute OMIX tips (10 l; Agilent Technologies, Mississauga, ON, Canada) were used for desalting and concentration of tryptic peptides (final solution in 5% acetonitrile and 0.1% formic acid).
Chromatographic and Mass Spectrometry Conditions-Shotgun and PRM experiments were performed on a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific). The tryptic peptides were loaded on a 3 cm long C18 (5 m) trap precolumn (i.d. 200 m) via EASY-nLC 1000 pump (Thermo Scientific) at 8 l/min. Mobile phases included 0.1% formic acid in water (buffer A) and 0.1% formic acid in acetonitrile (buffer B). Peptides were separated with a 15 cm long C18 (3 m) analytical column (i.d. 75 m) with a 8 m tip (New Objective, Woburn, MA) with a 22 min gradient elution at 350 nL/min flow rate. A five-step gradient was used: 1% to 14% of buffer B for 1 min, 14% to 40% for 11 min, 40% to 65% for 2 min, 65% to 100% for 1 min, and 100% for 7 min. Shotgun experiments included one full MS1 scan followed by 12 data-dependent MS2 scans. In-source collision induced dissociation (CID) was set to 0.0 eV, and the ion transfer capillary temperature was 275°C. MS transitions in the orbitrap were acquired with 70,000 resolving power at 200 m/z. Automatic Gain Control (AGC) for MS1 acquisition was set to 3 ϫ 10 6 with a maximum injection time of 100 ms. AGC target for the data dependent MS2 scans acquisition was set to 10 5 with a maximum injection time of 50 ms and the normalized collision energy of 27. The scan range was 250 to 1500 m/z, microscans were set to 1 for both MS1 and MS2, charge state screening was enabled and unassigned, and ϩ1 charge states were excluded from MS2 activation. The performance settings for the PRM assays were the following: in-source CID was set to 3.0 eV, MS transitions in the orbitrap were acquired with 17,500 resolving power at 200 m/z, AGC target was set to 3 ϫ 10 6 with a maximum injection time of 100 ms, the isolation window was set to 1.0 m/z, the normalized collision energy was set to 23 and scan times were set to 100 ms.
The development of SRM assays and the analysis of clinical samples were performed using a TSQ Quantiva TM triple quadrupole mass spectrometer (Thermo Scientific), as previously described (26) . Polarity was set to positive, ion transfer tube temperature was 300°C, and the CID argon pressure was 1.5 mTorr. The resolution settings of the first and third quadrupoles were 0.2 and 0.7 Da FWHM, respectively (comparable to the "high" and "unit" resolution of the QTRAP 6500 quadrupole-ion trap mass spectrometer). High resolution in the first quadrupole facilitated exclusion of potentially interfering ions, thus improving selectivity in the complex biological matrices. Scan times were set to 10 ms. Optimized SRM method was also tested in a QTRAP 6500 quadrupole-ion trap mass spectrometer (AB Sciex, Concord, ON, Canada). Declustering and entrance potentials were set to 150 and 10 V, respectively. Resolutions for both the first quadrupole and the ion trap were set to "unit," and scan times were 15 ms.
Selection of Proteotypic Peptides-To facilitate identification of proteotypic peptides, we aimed at identifying five to seven peptides that would result in intense and reproducible MS1 signal. For the selection of top peptides, we used tryptic digests of 15 recombinant KLKs previously expressed in our lab in prokaryotic (27) , mammalian (HEK293) (28 -30) or yeast (Pichia pastoris) (13, 15, 31) expression systems. The LC-MS/MS raw data were analyzed using the Proteome Discoverer™ software (Thermo Scientific, version 1.4.1.14) with SEQUEST search algorithm and the human UniProtKB/Swiss-Prot database (HUMAN_sProt-07092014; 20,209 entries). The mass tolerances for precursor and fragment ions were set to 7 ppm and 0.02 Da, respectively. The Proteome Discoverer decoy database and Percolator algorithm were used to compute the number of false positive protein identifications based on the Posterior Error Probabilities. The false discovery rate based on Q-values was set to 1%. The following parameters were set for the search: (1) digestion enzyme: trypsin; (2) maximum allowance for miss-cleavages: 1; (3) oxidation of methionine and tryptophan, as well as N-terminal peptide acetylation were set as variable modifications, whereas cysteine carbamidomethylation was set as a static modification. Unmodified peptides as well as peptides with proline were preferred, if possible. Peptides with abundant modifications based on three analytical replicates that included the digestion step (MS1 area of forms with methionine oxidation, glutamine and asparagine deamidation, N-terminal protein acetylation, or missed cleavage sites Ͼ10% of total MS1 area) were selected for further investigation. All peptides were searched with the protein Basic Local Alignment Tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to ensure that the selected peptides were unique for each KLK. Raw mass spectrometry data and Proteome Discoverer output files with peptide and protein identifications were deposited to the ProteomeXchange Consortium via the PRIDE partner repository (http://www. ebi.ac.uk/pride/archive/login) with the data set identifier PXD003324 and the following credentials: Username: reviewer73059@ebi.ac.uk; Password: b4Ge5SYs.
Development of PRM and SRM Assays-To facilitate accurate protein quantification, we aimed at experimental testing of three peptides for each KLK. First, in silico digestion of all proteins was performed using the Skyline Targeted Proteomics Environment v3.1.0.7382 (MacCoss Lab Software, Seattle, WA). The top three peptides for each protein were selected based on our full MS data dependent MS/MS identification data and were subsequently confirmed with the SRM atlas (www.srmatlas.org). Because of the presence of N terminus cysteine in one of the selected peptides for KLK5, the pyro-carbamidomethyl modified form of this peptide was also selected for quantification. In the second step of method development, the selected peptides were included into each of 15 unscheduled survey PRM assays designed for Q Exactive Plus (supplemental Table S1 ). Comparison of LC retention time for shotgun and PRM gradients was used as another indication of identity of selected peptides (32) . The ten most intense and selective transitions per peptide were selected. In the third step, 10 transitions per selected peptide were included into each of 15 unscheduled targeted mass spectrometry methods on QTRAP 6500 quadrupole-ion trap and TSQ Quantiva TM triple quadrupole mass spectrometers. Based on the relative intensities, the most intense peptides and the three most intense and reproducible transitions per peptide were selected for SRM assays (supplemental Tables S2 and S3) . Calibration curves for all 45 peptides (derived by digestion of 15 recombinant KLKs) were built, and a single peptide per each KLK was selected based on its limit of detection, quantification, linearity and coefficient of variation (supplemental Table S4 ). The limit of detection was defined as the lowest analyte concentration distinguished from the background (S/ NՆ3). The limit of quantification was defined as the lowest concentration measured with CVՅ20% within the linear range of the calibration curve.
In order to exclude possible interferences, ensure correct identity of each peak and facilitate absolute quantification of each protein, heavy isotope-labeled peptide internal standards with a quantifying tag were synthesized for all 15 KLKs. Following peptide synthesis, the quantifying tag (serine-alanine-[3-nitro]tyrosine-glycine) ensured accurate peptide quantification using UV absorption at 350 nm and was readily cleaved by trypsin, thus accounting for digestion efficiency. The area of the endogenous peptide was compared with that of the heavy peptide, and their ratio was used to calculate the absolute concentration of the endogenous light peptide. In the fourth step of method development, 32 heavy and light peptides and 96 transitions were included into multiplex unscheduled PRM or SRM assays. Selectivity of transitions and possible interferences in each sample matrix were assessed. Finally, 15 KLKs, 32 peptides, and 96 transitions where scheduled within 2 min intervals in a single multiplex scheduled SRM assay (supplemental Figs. S1-S3). Scan times were optimized to ensure acquisition of at least 20 points per peak. Precursor-to-product transitions were provided in the supplemental Tables S5-7. SRM and PRM raw mass spectrometry data were deposited to the Peptide Atlas repository (http://www.peptideatlas.org/ PASS/PASS00777) with the dataset identifier PASS00777 and the following credentials: Username: PASS00777; Password: VU2858zr.
Protein Quantification by SRM-Peptides were separated on a C18 analytical column with a 22 min gradient elution and subsequently detected by TSQ Quantiva TM mass spectrometer with a nanoelectrospray ionization source. The total method duration, including sample pickup and loading, pre-column and column equilibration was 48 min, thus resulting in a throughput of 30 runs per day. The performance of the nanoLC-MS platforms was assessed at the beginning of each day and every six runs thereafter using injections of 10 l of 1 fmol/l bovine serum albumin (BSA) solution. Thus, the throughput was 12 clinical samples per day in duplicates (24 injections). Repeatability of the method and the system stability were estimated by the coefficient of variation (CV%). Carryover ranged between 0.2-3.1% and was estimated by blank injections. Linearity of the assay was studied by spiking increasing amounts of the heavy labeled peptides into pools of SP, CVF, and SW. The area ratios of heavy labeled peptides to the corresponding endogenous light peptides were plotted against the spiked internal standard concentrations. Sixteen heavy isotope-labeled peptide standards were mixed and diluted to a final concentration of 100 fmol/l. Five microliters of the internal standard mixture were spiked to each sample before the digestion and each digest was analyzed in duplicate. Because all measurements were executed within the linear ranges of calibration curves, the absolute concentration of each endogenous protein was calculated using the heavy-to-light peptide ratio and the concentration of the spiked-in heavy peptide.
Quantification of Kallikrein 4 by Immunoenrichment-SRM-For
the analysis of SP and blood serum samples with immunoenrichment-SRM, 500 ng of monoclonal anti-KLK4 antibody (clone 10F4.1G6) were diluted in the coating buffer (50 mM Tris-HCl, pH 7.8) in each well of a 96-well white polystyrene microliter plate and incubated overnight. The plate was then washed three times with phosphate-buffered saline (PBS). Ten l of recombinant protein or biological samples were added to each well and were further diluted up to 100 l with assay buffer (6% BSA in 50 mM Tris-HCl at pH 7.8). The plate was incubated for 2 h with continuous shaking and was finally washed three times with PBS and three times with 50 mM ammonium bicarbonate buffer. Heavy isotope-labeled peptide with a quantitation tag (500 fmoles) was added to all samples, and trypsin (0.25 ng per well) was used for digestion. Calibration curves were built with a recombinant KLK4 within a range 0.05 ng/ml -50 ng/ml. To differentiate between the two isoforms of KLK4, we targeted one peptide common for both secreted Q9Y5K2-1 and intracellular Q9Y5K2-2 isoforms and two peptides unique for the secreted isoform. The common peptide for both isoforms was used for protein quantification. All samples were analyzed in duplicate.
Quantification of Kallikreins in Biological Samples with ELISAConcentrations of kallikreins 2, 4, 8, and 13 in SP, CVF, SW and blood serum samples were measured using in-house ELISAs (17, 25) . The assays were standardized using recombinant proteins produced inhouse in yeast or mammalian expression systems.
Validation of Assay on Quadrupole-orbitrap, Quandrupole-ion Trap, and Triple Quadrupole Platforms-The analytical performance of a multiplex assay of 15 KLKs using three different mass spectrometry platforms (Q Exactive Plus, QTRAP 6500 and TSQ Quantiva) was tested by spiking increasing amounts of the heavy isotope-labeled peptides in SP, CVF, and SW pools and plotting calibration curves of the heavy labeled peptide area against the spiked internal standard concentrations. Completeness of trypsin digestion was assessed by SRM measurement of peptides with a cleavable tag (supplemental Table S8 ). The coefficient of variation of peptide retention times for all KLKs in 10 SP samples ranged between 0.7% and 1.7%, allowing the scheduling of the method within 2 min intervals. Linearity of assay was validated by spiking increasing amounts of heavy peptides (0.01-20,000 fmol/l for SP and CVF and 0.01-2,000 fmol/g for SW) into pools of 10 SP, 5 CVF, and 10 SW samples. Samples with each concentration level were analyzed in triplicate, and the area ratios of internal standards to the endogenous peptides were plotted against internal standard concentrations.
Data analysis-Raw files of shotgun data-dependent acquisition and PRM experiments generated by Q Exactive Plus, raw files of SRM assays generated by TSQ Quantiva and raw .wiff files of SRM assays generated by QTRAP 6500 were analyzed using Skyline Software (v3.1.0.7382; MacCoss Lab), and the .csv files with peptide areas were extracted. Peak integration and peak areas were manually verified and normalized by the respective internal standards to account for variations of sample preparation and MS analysis.
Experimental Design and Statistical Rationale-For the SRM and PRM development, we pooled 5 CVF, 10 SW, or 10 SP samples, in order to reduce inter-individual biological variation. Three process replicates were performed for each pool, and each process replicate was analyzed by mass spectrometry in triplicate. For the individual sample analysis by SRM and PRM, one process and two technical replicates were analyzed. All ELISA and immunoenrichment-SRM assays were performed with process duplicates. GraphPad Prism (v5.03; Graphpad Software, San Diego, CA) was used to generate scatter dot plots, perform statistical analysis and calculate the area under the Receiver Operating Characteristic curve (ROC AUC) and diagnostic sensitivity and specificity. Statistically significant differences for two or three groups of clinical samples were determined using the non-parametric two-tailed Mann-Whitney U or KruskalWallis tests, respectively. p values Ͻ0.05 were considered significant.
RESULTS

Development of Targeted Mass
Spectrometry Assays-Our method development was based on selection of proteotypic peptides using recombinant proteins and experimental LC-MS/MS, LC-PRM, and LC-SRM data. Shotgun LC-MS/MS revealed sequence coverage 26% to 92% for all 15 human recombinant kallikreins. The top 3 to 4 peptides identified by our shotgun data were chosen for further investigation. The selection of peptides was based on the following criteria: (1) peptides were 7 to 20 amino acids long, (2) contained no methionine, if possible, and (3) contained no N-terminal cysteine or glutamine, if possible. Using PRM mode of the quadrupole-orbitrap mass spectrometer, we monitored simultaneously all possible products of each selected peptide. Because patterns of higher-energy collisional dissociation (HCD) and CID fragmentation are similar (33) , the top ten transitions per peptide were selected using Q Exactive Plus data and subsequently tested on the triple quadrupole mass spectrometer. Finally, one proteotypic peptide per protein was used for quantification (supplemental Table S4 ). The pyro-carbamidomethyl modified peptide of KLK5, as well as the unmodified peptide, were used in the final assay. Multiplex PRM and SRM assays for all 15 KLKs and for three different mass spectrometry platforms (Q Exactive Plus, TSQ Quantiva, and QTRAP 6500) were developed (supplemental Tables S5-7) . Superposition of peaks of the heavy isotope-labeled standards and light endogenous peptides, identical peak shapes and the same order of peak heights for heavy and light transitions confirmed the correct identity of each proteotypic peptide and absence of interferences. A workflow of the SRM assay development for kallikrein-10 is presented at Fig. 1 .
According to the UniProt database, our multiplex PRM and SRM assays with a single proteotypic peptide per protein could measure 32 of total 41 alternative splicing isoforms of all 15 KLKs. Missing isoforms included isoform 4 of KLK2, isoform 4 of KLK3, isoform 3 of KLK6, isoform 2 of KLK7, isoform 4 of KLK8, isoform 2 of KLK9, isoform 3 of KLK12, and isoforms 2 and 4 of KLK15. Interestingly, the isoform-specific transcript expression analysis using the Genotype Tissue Expression Portal (www.gtexportal.org) revealed that the relative expression of these missing isoforms in human tissues was negligible (Ͻ6% of the major isoform abundance; except isoform 3 of KLK12 with 59%). Assays with three peptides per each KLK (supplemental Tables S1-3) allowed for measurement of all 41 alternative splicing isoforms.
Comparison of PRM and SRM Assays-We compared the performance of our final PRM and SRM assays on three different mass spectrometry platforms (quadrupole-orbitrap, quadrupole-ion trap, and triple quadrupole). Calibration curves for the heavy peptides in pooled SP, CVF and SW samples presented linear ranges of 2 to 5 orders of mag-nitude and linear regression coefficients (R 2 ) greater than 0.99. Limits of detection ranged from 5 to 600 ng/ml (Fig. 2 , supplemental Table S9 and supplemental Figs. S4 -S5 ). Comparison of inter-platform calibration curves revealed similar sensitivities and linear ranges for SRM assays executed on quadrupole-ion trap and triple quadrupole instruments. Multiplex PRM assay revealed slightly lower sensitivity because of much higher scan times (100 versus 10 ms) and thus fewer scans per each chromatography peak.
SRM Analysis of Cervico-vaginal Fluid Samples-The total protein amount in the studied CVF samples ranged from 1.6 to 3.0 mg/ml. KLKs 5, 6, 7, 8, 10, 11, and 13 were quantified at low g/ml levels in at least one of five CVF samples (Table I) . KLKs 10 and 13 were quantified in all CVF samples, whereas KLK12 was measured near the detection limit only in two CVF samples (supplemental Fig. S6 ). Endogenous levels of KLK5 ranged from 0.1 to 1.0 g/ml. KLK6 concentration ranged from 0.1-3.8 g/ml, KLK7 from 4.5 to 29.0 g/ml, KLK10 from 0.4 to 7.4 g/ml, KLK11 from 0.3 to 1.2 g/ml, and KLK13 from 0.5 to 2.4 g/ml. KLK8 was found in 2 out of 5 samples at the 0.4 g/ml concentration. Interestingly, detection and quantification of KLKs 5 and 8 in CVF by mass spectrometry is reported for the first time.
SRM Analysis of Sweat Samples-The total protein amount in SW samples ranged from 0.05 to 0.8 mg/ml. Because total protein concentration in SW could vary substantially because of differences in secretion levels or dilution, amounts of KLKs in each SW sample were normalized per g of total protein.
Results of SRM analysis of individual samples are summarized in Table II . No significant differences in the levels of endogenous KLKs were found between male and female SW samples. To the best of our knowledge, our study reported for the first time detection of KLKs 1, 6, 9, 10, and 13 in human SW by mass spectrometry. KLK1 was detected in five sam- ples at the lowest concentration levels, among all KLKs quantified in SW. KLKs 9 and 10 were detected with concentrations slightly above LOD (supplemental Figs. S7-S8 ). Kallikreins 5 and 7 were the most abundant KLKs in SW, with concentrations at the mg/g levels. In addition, KLK1 concentration ranged from 0.03 to 0.43 mg/g, KLK5 from 1.3 to 15.9 mg/g, KLK6 from 0.02 to 0.15 mg/g, KLK7 from 11.1 to 67.7 mg/g, KLK8 from 0.5 to 3.17 mg/g, KLK11 from 0.28 to 3.41 mg/g, and KLK13 from 1.68 to 7.19 mg/g.
Overall, quantification of KLK7 and KLK12 was proven to be the most challenging among all KLKs. Interestingly, sequences of proteotypic peptides selected for the quantification of KLK7 and KLK12 exhibited high similarity (WVLTA-AHCK and WVLTAAHCSGSR, respectively). Difficulty of KLK7 and KLK12 detection might be the result of previously not reported post-translational or chemical modifications, the presence of proteases cleaving the these proteotypic peptides, as well as variations in salt concentration of SW samples. KLK15 was the only member of the kallikrein family that was not detected in any of the studied samples. That was expected because KLK 15 (according to the Human Protein Atlas) is not expressed at the mRNA level in the tissues that secrete proteins to CVF, SW, and SP (supplemental Table  S10 ).
SRM Analysis of Seminal Plasma Samples-The multiplex SRM assay was first applied for the analysis of ten normal pre-vasectomy SP samples. The total protein amounts in SP ranged from 13.6 to 46.8 mg/ml. KLKs 2, 3 and 11 were found to be the most abundant in SP with concentrations ranging from 2.8 to 21.4, 199 to 1368 g/ml, and 1.24 to 10.4 g/ml respectively. KLKs 1, 6, and 10 were also detected, but at lower concentrations. Endogenous levels of KLK1 in SP ranged from 0.55 to 0.59 g/ml. KLK6 concentration ranged from 0.01 to 0.04 g/ml, whereas KLK10 ranged from 0.06 to 0.26 g/ml. KLK13 was detected in only two samples, but was not quantified (Ͻ61.2 ng/ml). KLK4, a highly prostatespecific protein, was not detected in any of the SP samples. Results of SP analysis are summarized in Table III . Identification and Quantification of KLK4 in Seminal PlasmaDespite relatively high levels of KLK4 mRNA in the prostate tissue (202 FPKM), concentration of KLK4 protein in SP measured by ELISA was found surprisingly low (ng/ml), thus questioning its secretion (34) and raising concerns about possible cross-reactivity of ELISA with high-abundance KLK2 and KLK3. In an attempt to investigate the presence of KLK4 in SP by orthogonal assays, we analyzed the same set of 10 normal prevasectomy samples by immunoenrichment-SRM. For the purpose of this study, we targeted two peptides for identification of the protein and one peptide for quantification, whereas all samples were analyzed in duplicate. Immunoenrichment of KLK4 resulted in a substantial improvement of assay sensitivity (LOD 0.1 ng/ml versus 50 ng/ml for SRM) and allowed the quantification of KLK4 in all 10 normal SP samples. The concentration of KLK4 in SP was found within the range of 2-7 ng/ml, which was approximately a thousandand a million-fold lower than the levels of other prostatespecific KLK3 and KLK2, respectively.
Using immunoenrichment-LC-MS/MS and immunoenrichment-SRM assays, we detected in SP three proteotypic peptides of KLK4 (Fig. 3) . According to UniProt, peptide LDES-VSESDTIR was shared by the secreted (Q9Y5K2-1; 254 amino acids) and intracellular (Q9Y5K2-2; 107 amino acids) isoforms, whereas peptides APCGQVGVPGVYTNLCK and FTEWIEK belonged exclusively to the secreted isoform. Comparison of peptide areas of the endogenous KLK4 in SP and the recombinant KLK4 suggested the exclusive presence of secreted isoform Q9Y5K2-1 in SP (supplemental Fig. S9) . Interestingly, the isoform-specific analysis using the mRNA sequencing data of the GTEx Portal confirmed the predominant expression in prostate of the transcript isoform ENST00000324041 which encoded the secreted protein isoform Q9Y5K2-1 (219 RPKM). Expression of the transcript ENST00000431178 encoding the presumed intracellular isoform Q9Y5K2-2 was negligible (3.5 RPKM) (supplemental Fig.  S10) .
Quantification of KLK4 in Prostate Cancer and Negative Biopsy SP Samples by Immunoenrichment-SRM-Upon iden-
tification of the secreted isoform of KLK4 in SP, we next questioned if immunoenrichment-SRM and ELISA measurements would provide correlated results, thus ruling out the potential cross-reactivity of KLK4 antibodies. First, 10 negative biopsy and 12 prostate cancer SP samples were analyzed in duplicates by immunoenrichment-SRM using one peptide for quantification and two additional peptides for confirmation (supplemental Fig. S11 ). Concentration of KLK4 in prostate cancer SP samples ranged from 1 to 51 ng/ml, whereas concentrations in negative biopsy samples ranged from 0.6 to 53 ng/ml (with CVs 1 to 20%), resulting in no statistically significant difference (p ϭ 0.25).
Quantification of KLK4 in Prostate Cancer and Negative Biopsy SP Samples by ELISA-Because comparison of KLK4 concentrations measured in SP by immunoenrichment-SRM and ELISA showed similar trends (R 2 ϭ 0.96), a bigger set of age-matched prostate cancer (n ϭ 21) and negative biopsy (n ϭ 20) SP samples, as well as normal prevasectomy SP samples (n ϭ 10), were analyzed by ELISA. Our goal was to investigate the potential of KLK4 in SP as an independent biomarker to predict the outcome of prostate cancer biopsy or as a biomarker to predict Gleason score (indicator of prostate cancer aggressiveness). All samples were analyzed in duplicates and the CV values ranged from 0.2 to 13%. Concentration of KLK4 in the negative biopsy SP samples were within a range 0.06 -53 ng/ml, whereas concentrations in prostate cancer ranged from 0.05 to 46 ng/ml. Statistical analysis revealed no significant difference (p ϭ 0.12) between groups (Fig. 4) . Based on the cut-off level of 42 ng/ml derived from the current data, KLK4 levels in SP provided only 9.5% sensitivity at Ն95% specificity and ROC AUC of 0.64 (p ϭ 0.12) for detecting prostate cancer on biopsy. In addition, comparison of low-grade (n ϭ 7; Gleason score ϭ 6), intermediate-grade (n ϭ 7; Gleason score ϭ 7, 3 ϩ 4) and highgrade (n ϭ 7; Gleason score ϭ 7, 4 ϩ 3 and Ն8) prostate cancer samples revealed no statistically significant difference (Kruskal-Wallis test p ϭ 0.28).
Quantification of KLK4 in Prostate Cancer and Negative Biopsy Blood Serum Samples by Immunoenrichment-SRM
and ELISA-Low diagnostic specificity of KLK3 (PSA) is attributed to the fact that KLK3 is elevated in blood of patients with negative biopsy and prostate inflammation. Thus, novel markers which better differentiate between cancer and benign disease are needed in order to complement or even replace KLK3. Even though KLK4 was previously detected by immunohistochemistry in normal and prostate cancer tissues (35) , its concentration in SP, urine and blood serum of prostate cancer patients has never been previously measured.
In order to investigate KLK4 potential as a novel prostate cancer biomarker in blood, we first needed to confirm the presence of its secreted isoform in blood serum and the absence of ELISA cross-reactivity. Thus, we analyzed 36 prostate cancer and 22 negative biopsy blood serum samples by immunoenrichment-SRM. KLK4 was confidently quantified in only 17 of 58 blood serum samples (LOQ ϭ 0.1 ng/ml). KLK4 concentration in negative biopsy serum samples was found in the range from 0.1-0.3 ng/ml, whereas concentrations in prostate cancer ranged from 0.1 to 0.7 ng/ml (CVs 3 to 21%). Statistical analysis showed no significant difference between the two sets of samples (two-tailed Mann-Whitney U test p ϭ 0.19).
Because KLK4 levels in blood serum were below the LOD of our immunoenrichment-SRM assay (0.1 ng/ml) in most samples and because KLK4 concentrations measured by immunoenrichment-SRM and ELISA showed similar trends (R 2 ϭ 0.87), the same set of blood serum samples, as well as additional three healthy male samples, were analyzed by ELISA. Our goal was to investigate whether blood serum KLK4 could complement serum PSAՆ4 ng/ml and improve its specificity to predict prostate cancer on biopsy. As a result, concentrations of KLK4 ranged from 0.03 to 0.31 ng/ml for negative biopsy and from 0.03 to 1.76 ng/ml for prostate cancer samples. Based on the cut-off level of 0.28 ng/ml, KLK4 levels provided 20% sensitivity at Ͼ95% specificity and ROC AUC 0.59 (p ϭ 0.26) for predicting prostate cancer on biopsy. Statistical analysis revealed no significant difference (p ϭ 0.41) between groups (Fig. 5) .
Comparison of SRM and ELISA Quantification of KLKs 2, 4, 8, and 13-In order to compare the performance, accuracy, reproducibility and sensitivity of our targeted mass spectrometry assays with established ELISAs, we measured KLK2 by SRM in SP, KLK4 by immunoenrichment-SRM in SP and blood serum, KLK8 in sweat, and KLK13 in CVF. Comparison of concentrations measured by SRM and ELISA ( Fig. 3 and  supplemental Fig. S12 ) showed similar trends. Concentrations in some samples, however, were not correlated, which may be attributed to degradation of KLKs (potentially missed by ELISA) or cross-reactivity of antibodies.
DISCUSSION
Because of its high selectivity, sensitivity (low pg/ml) and precision (Ͻ10%), ELISA remains a gold standard for the quantitative analysis of proteins in complex biological and clinical samples (36) . Limitations of ELISA, however, include possible cross-reactivity within protein families, interferences from high-abundance proteins in the matrix, inability to differentiate between proteoforms and post-translational modifications, and high cost of monoclonal antibody production (37) .
Recent advances in sensitivity and mass accuracy of mass analyzers, resolving power of nanoscale LC, and automation of sample preparation led to an increasing interest in mass spectrometry as a powerful alternative to ELISA (38 -40) . A competitive advantage of mass spectrometry was suggested for proteins that had no high-quality antibodies or had ELISAs with suspected cross-reactivities, poor reproducibility, or inconsistent responses for assay calibrators and endogenous analytes. The clear advantage of SRM assays was the very   FIG. 4 . Evaluation of KLK4 as a prostate cancer biomarker in SP, as measured by ELISA. A, SP samples of three groups of men were analyzed: men with biopsy-confirmed prostate cancer (n ϭ 21, median age 62 y.o.), men with negative biopsy (n ϭ 20, median age 62) and healthy fertile men pre-vasectomy (n ϭ 10, median age 35). Horizontal lines represent median concentrations of proteins in each sample set. No statistically significant differences between three groups of samples were detected (Kruskal-Wallis test p ϭ 0.12). B, ROC curve for prediction of prostate cancer on biopsy using KLK4 measured in SP (AUC ϭ 0.64, p ϭ 0.12).
high assay selectivity. The nonscanning mode of quadrupole operation resulted in an increased sensitivity (down to ng/ml) and an increased linear response range (up to six orders of magnitude), if compared with "full scan" modes of ion traps and orbitraps. That enabled the detection and routine quantification of low-abundance proteins in highly complex mixtures, which was crucial for translational and clinical applications of mass spectrometry and proteomics (41) (42) (43) .
In the present work, our goal was to develop straightforward and easy-to-use targeted mass spectrometry assays for the simultaneous quantification of all 15 tissue kallikrein-related peptidases. We adopted our assays for the three most common mass spectrometry platforms: triple quadrupole, quadrupole-ion trap and quadrupole-orbitrap mass spectrometers. Three peptides were selected for protein identification, whereas one peptide was selected for protein quantification for each KLK. Scheduling of all 15 assays within a single chromatographic gradient enabled monitoring of each peptide within its own retention time window without decreasing scan times or the number of data points across each chromatographic peak.
We reported details of the instrumental and analytical parameters for all three mass spectrometry platforms, thus allowing an easy implementation of our assay in research and clinical laboratories without additional optimization. Multiplex SRM and PRM assays exhibited a linear range of several orders of magnitude and LODs and LOQs in the low ng/ml ranges for most of KLKs, without the need for additional separation or enrichment. For the absolute quantification of each protein, heavy isotope-labeled peptide internal standards with a quantifying tag were synthesized for all 15 KLKs. Our SRM and PRM assays were validated in the top three biological fluids enriched with KLKs (SW, CVF and SP) and were successfully applied for the quantification of endogenous KLKs in sets of biological fluids from healthy individuals. Lower LOQs were obtained with the triple quadrupole mass spectrometer and it was therefore adopted for the analysis of individual samples.
Comparison of KLKs concentrations measured by SRM and ELISAs revealed clear trends, even though correlations were off in some samples. It well may be that both SRM and ELISA recognized only a fraction of the whole population of KLK proteoforms, while missing some post-translational modifications, alternatively spliced forms or complexes with protease inhibitors. For these reasons, we suggest that detailed characterization of KLKs in clinical samples may require both ELISA and SRM measurements. It should be noted that limitations of our SRM assay versus ELISA included lower sensitivity (low ng/ml versus low pg/ml) and lower throughput (12 samples or 180 analytes per sample per day, versus close to 500 samples per day for a well-established ELISA) (44) .
In general, cervico-vaginal fluid (CVF) is a pool of secretions originating from the fallopian tube, endometrium, cervix, and vagina (45) . KLK levels in CVF samples vary significantly between individuals and between pregnant and nonpregnant women (46) and play important roles in the desquamation of vaginal epithelial cells and the digestion or activation of antimicrobial proteins and peptides. It was also previously reported that certain KLKs played important roles in female urogenital tract malignancies such as endometrial, cervical and ovarian cancers and thus could be used as biomarkers of early diagnosis and prognosis (11) . Previous studies by ELISA reported high levels of KLKs 6, 7, 8, 10, 11, 12 , and 13 in CVF from nonpregnant women by ELISA (17) . KLKs 6, 7, 10, 11, 12 , and 13 have also been previously identified in CVF from non-pregnant women by shotgun mass spectrometry (46) . Using the proposed SRM assay, we were able to detect eight kallikreins in CVF samples (KLKs 5, 6, 7, 8, 10, 11, 12, and 13) , but quantify only seven of them (KLK12 levels were below LOQ). KLK levels measured in our work were in a good agreement with levels previously reported in literature. For example, KLK14 has been previously measured by ELISA within a range of 1.5-112 ng/ml (17) . To the best of our knowledge, the present study reported for the first time the mass spectrometric detection of KLKs 5 and 8 in CVF. FIG. 5 . Evaluation of KLK4 as a prostate cancer biomarker in blood serum, as measured by ELISA. A, Blood serum samples of three groups of men were analyzed: men with biopsy-confirmed prostate cancer (n ϭ 36, serum PSA Ͼ 4 ng/ ml, median age 63 y.o.), men with negative biopsy (n ϭ 22, PSA Ͼ 4 ng/ml, median age 61) and healthy men (n ϭ 3; serum PSA Ͻ 1 ng/ml, median age 36). Horizontal lines represent median concentrations of proteins in each sample set. No statistically significant differences between three groups of samples were detected (Kruskal-Wallis test p ϭ 0.41). B, ROC curve for prediction of prostate cancer on biopsy using KLK4 measured in blood serum (AUC ϭ 0.59, p ϭ 0.26).
Multiple skin kallikreins are expressed either as active or inactive pro-KLK forms in the upper stratum granulosum and stratum corneum of human epidermis and its associated appendages, such as in the inner lumen of sweat gland ducts (47) . KLKs cleave substrates that are responsible for skin desquamation and antimicrobial defense. The main limitations of sweat as a clinical sample originate from the difficulty to produce enough sweat for analysis, sample dilution, evaporation during collection and lack of standardized sampling devices. Moreover, the total protein content in sweat may vary significantly between individuals, based on the amount of water consumed on the day of sample collection. Therefore, normalization of results for total protein is crucial. Kallikreins 5, 6, 7, 8, 10, 11, 13 , and 14 have been previously quantified in sweat by ELISA (48) and KLKs 5, 7, 8 , and 11 have been previously detected by shotgun proteomics (49 -51) . Using the proposed SRM assay, we were able to detect and quantify nine KLKs in sweat (KLKs 1, 5, 6, 7, 8, 9, 10, 11, and 13). Our findings were in good agreement with the previously reported KLK levels measured by ELISA. For example, concentration of endogenous KLK6 in sweat previously measured with ELISA was found in the range 1-50 g/g of total protein (48) . To the best of our knowledge, the present study reports for the first time the mass spectrometric detection of KLKs 1, 6, 9, 10, and 13 in human sweat. According to the literature, KLK5 and KLK7 are highly expressed in the stratum granulosum and transported to stratum corneum, where they form a proteolytic cascade in which KLK5 activates itself and KLK7 (52) . Despite their important role in the skin desquamation, we did not detect KLKs 5 and 7 in all sweat samples. It is worth mentioning that samples which failed for endogenous peptides, also failed for the synthetic heavy labeled internal standards, even after spiking increased amounts of internal standards. We hypothesized that high proteolytic activity in some sweat samples could result in degradation of both light endogenous and heavy internal standard peptides.
Seminal plasma, a proximal fluid originating from secretions of five glands in the male urogenital system, has been previously investigated in detail in respect to KLKs and their potential role in prostate cancer and male infertility (53, 54) . KLK3 (PSA) is the major component of SP and is a clinically used prostate cancer biomarker in blood serum (55) . Apart from KLK3, KLKs 1, 2, 4, 5, 6, 8, 10, 11, 13, and 14 were previously detected in SP by ELISAs or Western blots (13, 15, 25) . KLKs 5, 10, 11, 13, and 14 are expressed in multiple glands in the male urogenital tract, whereas KLKs 2, 3, and 4 are highly tissue-specific proteins and are expressed exclusively in prostate. KLK2 is closely related to KLK3 (sequence identity 80%) and is also highly abundant in SP. Using our SRM assay, we were able to detect and quantify six kallikreins (KLKs 1, 2, 3, 6, 10, and 11) in SP. Vegvari et al. (56) previously reported an SRM method for the analysis of KLK2 in SP using a triple quadrupole mass spectrometer. Their levels of the endogenous KLK2 in SP ranged from 0.8 to 12.3 g/ml and were in good agreement with our findings. Although we quantified the same proteotypic peptide, we were able to improve the LOQ by more than fivefold because of the use of a more sensitive triple quadrupole mass spectrometer.
Finally, we decided to demonstrate the practical use of our SRM assays and thus focused on a rarely studied prostatespecific KLK4 and its potential use as a prostate cancer biomarker. It should be mentioned that PSA (KLK3) has been used for over two decades for prostate cancer diagnostics and that its introduction into clinic has undoubtedly revolutionized the practice of urology. Although PSA was an exceptional biomarker, it was elevated in both prostate cancer and nonmalignant prostatic diseases, which often resulted in overdiagnosis and unnecessary negative biopsies. The lack of prognostic significance of PSA (failure to predict cancer aggressiveness), often led to overtreatment and unnecessary radical prostatectomies. With all these limitations, not a single emerging biomarker could substantially outperform PSA as yet.
Recent advances in prostate cancer diagnostics included introduction of the 4Kscore test, which measured in blood serum a panel of four analytes: total PSA, free PSA, intact PSA, and KLK2. Interestingly, prostate-specific KLK2 marginally improved the overall performance of 4Kscore test from AUC 0.700 to 0.711 (57) . Because the need for novel prostate cancer biomarkers remains, in this work we hypothesized that KLK4, another highly prostate-specific protein, could emerge as an independent diagnostic and prognostic biomarker in SP or a blood serum biomarker to complement serum PSAՆ4 ng/ml and improve its diagnostic specificity.
KLK4 is expressed exclusively in the prostate under the control of steroid hormones (34, 58) , and its expression is restricted to the luminal and basal epithelium (59, 60) . KLK4 mRNA is expressed at high levels in both primary and metastatic prostate adenocarcinomas, and KLK4 protein levels were found to be significantly higher in malignant prostate carcinomas compared with benign and normal prostate tissues (61) . Previously, expression of KLK4 gene was studied mostly at the mRNA level. Alternative splicing predictions suggested the existence of extracellular (62) and intracellular (58) protein isoforms. However, immunohistochemical staining confirmed the presence of the intracellular isoform, localized to the cytoplasm of normal human prostate tissue and to primary and metastatic prostate tumor tissues (63, 64) , as well as to the nuclei of prostate cancer cells (34, 35) . A tremendous discrepancy between high KLK4 mRNA levels in prostate tissue and low ng/ml protein levels in SP were previously discovered. Because immunohistochemistry and ELISA were the only methods to detect KLK4 expression, numerous controversial hypotheses appeared and argued that (1) low levels detected by ELISA were attributed to the cross-reactivity with high-abundance KLK2 and KLK3, whereas KLK4 mRNA was not translated into protein; (2) KLK4 protein was expressed, but quickly degraded, and (3) KLK4 was expressed but not secreted into SP.
Using immunoenrichment-SRM assay, we unambiguously confirmed for the first time the secretion of KLK4 into SP. Overall, presence or absence of KLK4 in SP was an important, but missing piece of knowledge regarding prostate-specific kallikreins. Our experimental evidence that only the secreted isoform Q9Y5K2-1 was present in SP and was measurable by immunoenrichment-SRM and ELISA encouraged us to further investigate the role of KLK4 as a potential prostate cancer biomarker. It should be noted that KLK4 concentration in SP and blood serum of patients with prostate cancer or negative biopsy has never been previously reported.
We investigated the potential of KLK4 in SP as an independent biomarker for two unmet clinical needs: (1) prediction of prostate cancer on biopsy and (2) prediction of prostate cancer aggressiveness. KLK4 levels in SP showed no statistically significant differences for both needs. We also investigated whether blood serum KLK4 could complement serum PSA and predict prostate cancer on biopsy for men with elevated serum PSA Ն 4 ng/ml. KLK4 levels also revealed no statistically significant differences.
In conclusion, we reported multi-platform targeted mass spectrometry assays for the quantification of all the members of the tissue kallikrein-related peptidases. The present study reported for the first time the mass spectrometry detection of KLKs 5 and 8 in CVF and detection of KLKs 1, 6, 9, 10, and 13 in human sweat. We also demonstrated the presence of a secreted form of KLK4 in SP, and investigated for the first time its potential as an SP-and blood serum-based biomarker of prostate cancer. Comparison of mass spectrometry and ELISA measurements revealed that multiplex SRM and PRM assays can serve as reliable alternative tools to quantify kallikreins and study their biological and pathological roles.
